Abstract. Most copper wire is produced using a drawing process. The crystallographic texture of copper wire, which is strongly associated with grain deformation, can have a profound effect on the formability and mechanical and electrical properties. Thus, the ability to predict grain deformation in drawn copper wire could help to elucidate the evolution of microstructure, which could be highly valuable in product design. This study developed a novel method for predicting grain deformation in drawn copper wire based on finite element simulation with flow net analysis. Simple upsetting tests were conducted to obtain flow stress curves for the simulation of the drawing process. Predictions related to grain deformation were compared with those on the micrographs of the drawn copper wire obtained in experiments. In longitudinal and transverse cross-sections of the drawn wire, the predicted and experiment results presented similar trends involving considerable deformation within the grains. This preliminary study demonstrates the efficacy of the proposed method in providing information useful to the prediction of the grain deformation in drawn copper wire.
Introduction
Copper wire is widely used in telecommunications, power transmission, and other types of electrical equipment. Most copper wire is produced using a drawing process in which plastic deformation leads to changes in grain size and crystallographic texture. Previous studies have shown that inducing grain refinement in copper by applying severe plastic deformation can lead to improvements in mechanical properties [1, 2] . In samples of commercially pure copper processed by equal-channel angular pressing (ECAP), it was shown that electrical conductivity decreases slightly with an increase in the number of passes [3] . That study also demonstrated that yield strength, ultimate tensile stress, and hardness gradually increased with the number of ECAP passes. Moreover, the improvement in mechanical properties and the decrease in electrical conductivity occur in copper wire that has been deformed by the deep wire-drawing process [4] , in which the copper underwent severe plastic deformation to form ultrafine microstructures. The angular accumulative drawing process is a recent development aimed a Corresponding author: ccchang@kuas.edu.tw at enhancing mechanical properties by using the change in strain path to introduce microstructure inhomogeneity at the cross-section of the wire [5] . The above studies reveal that the crystallographic texture of metal strongly affects the mechanical properties and formability due to its association with grain deformation. Finite-element simulation [6] [7] [8] or molecular dynamics simulation [9] can be used to obtain reliable predictions as to the evolution of microstructure in metals. These simulation techniques are able to predict the deformation of grains and thereby elucidate the evolution of microstructure, which can be highly valuable in the subsequent design of products. This study developed a method based on finite element simulation in conjunction with flow net analysis for the prediction of grain deformation in drawn copper wire. Simple upsetting tests were conducted to obtain the flow stress curves for the simulation of the drawing process. Predictions related to grain deformation in drawn copper were compared with micrograph results obtained from experiments.
Simulation of wire drawing process 2.1 Flow stress
A cast copper rod 8 mm in diameter was cut into cylindrical specimens 12 mm in length for use in upsetting tests. Following the application of lubricant to the die surfaces, the specimens were compressed by the die at a speed of 1 mm per second. The press used in these tests has a capacity of 50 kN load and a position accuracy of 0.01 mm. As shown in Fig. 1 , force-displacement data was recorded for use in the calculation of true-stress true-strain curves to simulate the drawing process.
Grain deformation and flow net analysis
The commercial finite element software program DEFORM-3D was used for the simulation of the wire drawing process. The copper wire was drawn at a speed of 1 mm per second in three stages from an initial diameter of 8 mm to 7.2 mm, then to 6.4 mm, and finally to a diameter of 5.7 mm. The opening angle of the die was 16 degrees in all three stages of the drawing process. The initial length of the wire was 20 mm. The wire is considered a rigid-plastic material and the dies are considered rigid. The study employed a constant shear model with a friction factor of 0.03 to model the effects of friction at the wire-die interface.
Simulation of grain deformation in the drawing processes was achieved manually recording the grain boundaries in the initial wire from a micrograph using CAD software (AutoCAD) to be imported into DEFORM-3D for flow net analysis. 
Results and discussion
Simulation results revealed that the wire underwent considerable deformation as the diameter was reduced through the three-stage drawing process, as shown in Fig. 4 . The patterns, which represent a portion of the grain boundaries in the wire, gradually increased in length (in the longitudinal direction) and reduced in width (in the transverse direction). The shape of the grains became increasingly long and thin. The left end of the drawn wire and the centre of the grain patterns exhibited clear concave surfaces after the first stage of the drawing process. Simulation results reveal that the effective strain near the surface of the drawn wire is approximately 1.2 greater than in the centre about 0.6 in the third stage as shown in Fig. 5(d) . This is an indication of inhomogeneity with regard to mechanical properties across the transverse section. Further quantitative 02009-p. 4 ICNFT 2015 analysis, including grain size, local strain, and hardness measurements, will be conducted in the near future to further evaluate the proposed method for the prediction of grain deformation.
Summary
This study used patterns in grain boundaries as the basis for flow net analysis to facilitate finite element simulation of grain deformation in a drawn copper wire. Simulation and experiment results both indicate considerable deformation in the grains as a result of the drawing processes. A decrease in grain size was observed in longitudinal as well as transverse sections of the drawn copper wire. This preliminary study demonstrates the efficacy of finite element simulation in conjunction with flow net analysis in providing reliable predictions related to grain deformation in drawn copper wire. The proposed method is based on patterns in the grain boundaries obtained from actual micrographs of copper; however, numerical methods for the generation of patterns could also be used. The results help to elucidate the evolution of microstructure. This is useful information for product design. The proposed method for the prediction of grain deformation could also be applied to other processes used in the forming of metals.
